GATA1 is a master transcriptional regulator of the differentiation of several related myeloid blood cell types, including erythrocytes and megakaryocytes. Germ-line mutations that cause loss of full length GATA1, but allow for expression of the short isoform (GATA1s), are associated with defective erythropoiesis in a subset of patients with Diamond Blackfan Anemia. Despite extensive studies of GATA1s in megakaryopoiesis, the mechanism by which GATA1s fails to support normal erythropoiesis is not understood. In this study, we used global gene expression and chromatin occupancy analysis to compare the transcriptional activity of GATA1s to GATA1. We discovered that compared to GATA1, GATA1s is less able to activate the erythroid gene expression program and terminal differentiation in cells with dual erythroid-megakaryocytic differentiation potential. Moreover, we found that GATA1s bound to many of its erythroid-specific target genes less efficiently than full length GATA1. These results suggest that the impaired ability of GATA1s to promote erythropoiesis in DBA may be caused by failure to occupy erythroid-specific gene regulatory elements. 
Introduction
Megakaryocytes and erythroid cells are derived from a common progenitor cell termed the megakaryocyte-erythrocyte progenitor (MEP), and the differentiation of both of these cell types depends on the zinc finger transcription factor GATA1. As a master transcriptional regulator, GATA1 directs global gene expression to specify terminal erythroid or megakaryocytic fate. [1] [2] [3] [4] [5] It accomplishes this by both activating lineage specifying genes and repressing progenitor maintenance genes through a variety of gene regulatory mechanisms that depend on context-dependent co-factor interactions. 6 Importantly, GATA1 interacts with and controls the expression of many other lineage-specifying transcription factors to co-ordinately repress factors promoting other cell fates while activating those of megakaryocytes and erythrocytes. 7, 8 The lineage fate decision of the MEP towards either the erythroid or megakaryocyte fate is controlled by complex interactions among transcription factors. 7 To specify megakaryocytes, GATA1 co-operates with several ETS family transcription factors, including FLI1, ETS2, and ERG, to bind and activate megakaryocyte-specific genes. [9] [10] [11] In erythroid cells, GATA1 activates the Kruppel family transcription factor KLF1, which binds and activates erythroid genes. [12] [13] [14] [15] [16] [17] [18] However, the mechanism by which GATA1 contributes to lineage specification is poorly understood.
GATA1 exists as two isoforms in human cells, full-length protein and a shorter isoform named GATA1s, which is expressed from a downstream alternative start site (Met84). 19 GATA1s lacks the first 83 amino acids which comprise the Nterminal transactivation domain. Of note, the molecular mechanism by which this domain contributes to gene regulation is not well understood. [20] [21] [22] Acquired GATA1 mutations that cause loss of full-length protein, and thus expression of only GATA1s, are involved in the pathogenesis of both transient myeloproliferative disorder and acute megakaryocytic leukemia (AMKL) in children with Down syndrome (DS). [23] [24] [25] Remarkably, GATA1 mutations are detectable in nearly 30% of infants with DS. 26 Additional mutations that contribute to AMKL have recently been discovered. These include mutations in genes that control signaling pathways, including JAK2, MPL, and RAS, epigenetic regulators, such as EZH2, CTCF, and the cohesin complex. 27, 28 Germ-line GATA1 mutations that lead to the exclusive production of GATA1s in the absence of DS have also been described. In one family, an inherited GATA1s mutation was found associated with impaired erythropoiesis and irregularities in the megakaryocyte lineage. 29 More recent studies have discovered GATA1s mutations in a subset of Diamond Blackfan Anemia (DBA) patients who lack mutations in ribosomal genes. 30, 31 Together these studies suggest that GATA1s cannot support normal erythropoiesis.
In order to characterize the transcriptional activity of GATA1s in erythroid and megakaryocytic development, we completed global gene expression and chromatin occupancy analysis of GATA1 and GATA1s in a cell line with dual erythroid and megakaryocytic differentiation potential. Our data reveal that GATA1s binds and activates megakaryocytespecific genes normally. In contrast, it fails to bind and activate erythroid genes to the same extent as GATA1. This deficiency of GATA1s in DNA binding and gene expression is associated with an impaired ability to promote development of erythroid cells. Together, these findings suggest that the activation domain of GATA1 is required for gene expression and differentiation of erythroid progenitor cells.
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Cell sorting and flow cytometry GFP + cells were purified with a MoFlo cell sorter (Beckman Coulter). Staining for CD42, Ter119, and DNA content was performed as previously described. 22 Antibodies for FACS analysis included anti-CD42-DyLight649 (Emfret, M040-3) and antiTer119 (BD Pharmingen, 561071).
Antibodies
GATA1 (sc-1234) and HA-tag (sc-7392) were purchased from Santa Cruz Biotechnology.
ChIP-seq
ChIP was performed as previously described. 33 For ChIP-Seq, 50E6 cells were infected with MigR1 viruses and harvested after 48 h. Three biological replicate anti-HA tag ChIP samples and 3 input samples were processed as previously described 34 and sequenced on a Genome Analyzer II or IIx (Illumina). Sequence tags were mapped to the mouse genome (mm9) using the Illumina pipeline.
ChIP-Seq binding site identification
To identify ChIP-Seq peaks, the peak calling program QuEST was used on default parameters. 35 To identify GATA1s-deficient sites, the threshold score for enrichment on QuEST was reduced from 30 to 10, and the resulting peak set was overlapped with the original GATA1 set using the ChIP-Seq Tool Kit. 36 GATA1 peaks without a peak in the expanded GATA1s peak set were identified as GATA1s-deficient. For analysis of genomic location and overlap with gene expression data, each peak was assigned to the gene with the nearest TSS using the ChIP-Seq Tool Set. 36 Control peak sets were generated using a custom Perl script described previously. 37 ChIP-seq data are available at GEO (accession # GSE64327).
Motif analysis MEME 38 was used for de novo motif finding. 200bp of genomic sequence surrounding each peak summit was submitted to MEME using the 'zoops' option and max motif length set at 10 bases. For informed motif finding, the Homer findmotifs program was used on default parameters in conjunction with the provided set of known motifs.
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Gene expression analysis G1ME cells were transduced with MigR1 retroviruses and the GFP + cells were sorted 68 h later. The cells were allowed to recover in culture for 4 h, and then the total RNA was extracted using RNeasy Plus mini columns (Qiagen) following the manufacturer's protocol. The samples were hybridized to Illumina MouseWG-6 v.2.0 Expression BeadChips. The background was subtracted and the data werew quantile normalized to remove batch effects. The probe level data were analyzed using GeneSpring software (Agilent Technologies) as described previously. 5 Heatmaps were generated using the software program Gene Cluster 3.0, 40 and then the Java program TreeView was used to make and edit the heatmap. 41 Microarray data are available at GEO (accession # GSE64496).
Statistical analysis
For quantitative assays, treatment groups were reported as mean±SD and compared using the unpaired Student t-test. To test for independence of groups based on categorical data, c 2 analysis with the Yates Correction for large sample sizes was used. P≤0.05 was considered statistically significant.
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Results
GATA1 and GATA1s induce similar degree of megakaryocyte differentiation
G1ME is a cell line that was derived from Gata1-deficient ES cells and has both megakaryocytic and erythroid differentiation potential upon reconstitution of GATA1 expression. 3 This gene complementation system provides a controlled cell context in which to study the activities of mutants of GATA1. We infected G1ME cells cultured in thrombopoietin (THPO) with MigR1 retroviruses expressing HA-tagged GATA1 or GATA1s and monitored megakaryocytic differentiation over six days ( Figure 1A ). GATA1 induced megakaryocyte maturation, including increased cell size, polyploidy, and expression of the cell surface marker CD42 ( Figure 1B ). The percentage of GATA1-transduced cells, marked by GFP expression, decreased rapidly and the transduced cells disappeared by day 6 ( Figure 1C ). This finding suggests that the GATA1 expressing cells fully differentiated or died within six days. In comparison, we observed that GATA1s also efficiently induced megakaryocytic differentiation, but some subtle differences were seen. For example, at days 3 and 4, GATA1s cultures had a significantly higher percentage of GFP + cells, suggesting that there is either delayed apoptosis, or an uncoupling of proliferation arrest and differentiation due to the loss of the N-terminus ( Figure 1C ). Similar percentages of CD42 + cells were observed in the cultures, indicating GATA1s is not defective in inducing commitment to the megakaryocytic lineage. However, decreased levels of polyploidy were observed in GATA1s cultures at days 3 and 4, suggesting that the GATA1s cells were modestly delayed in terminal differentiation ( Figure 1C ). By western blot analysis, with both anti-HA-tag and anti-GATA1 antibodies, we found that GATA1s was expressed at much higher levels than GATA1 ( Figure 1D ). Though we are uncertain as to why GATA1s was expressed at higher levels than GATA1, elevated level of GATA1 associated with megakaryocytic differentiation is consistent with the hypomorphic activity of GATA1s observed in animal models.
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GATA1s is less efficient than GATA1 at promoting erythroid cell differentiation Next, we sought to determine to what extent the G1ME cells differentiate towards the erythroid lineage upon reconstitution with GATA1 or GATA1s. Thus, we examined the expression of the erythroid marker Ter119 by flow cytometry at 72 h post transduction with GATA1 and GATA1s ( Figure 2A ). We observed that, on average, 8% of GATA1-expressing cells exhibited Ter119-positivity, whereas only 4% of the GATA1s-expressing cells stained for Ter119. We repeated this study in G1ME cells that were cultured with EPO, SCF, and THPO. Under similar conditions, a previous study found that with expression of GATA1, 59% and 22% cells of the differentiated into megakaryocytes (CD42 We then examined the red cells derived from G1ME cells in more detail. Benzidine staining of cytospins confirmed that there was a reduction in production of erythroid cells in GATA1s versus GATA1 cultures ( Figure 2D ). Finally, qRT-PCR analysis of sorted Ter119 + cells revealed that although GATA1s reconstituted cells expressed Hbb, Klf1, and Ank1, the levels were significantly lower in GATA1s red cells than that observed in GATA1 reconstituted cells (data not shown). Taken together, we conclude that GATA1s induces megakaryocyte development similar to GATA1, but is less able to activate the erythroid program.
ChIP-seq analysis of GATA1 and GATA1s in G1ME cells reveals differences in chromatin binding
To compare the genome-wide transcriptional activity between GATA1s and full length GATA1 during megakaryopoiesis, we utilized ChIP-Seq and microarray gene expression profiling of G1ME cells. We harvested G1ME cells at 48 h post transduction with GATA1 or GATA1s, and then performed ChIP using an anti-HA antibody. We confirmed that the ChIP enriched both GATA1 and GATA1s bound chromatin by qPCR for selected known GATA1 binding sites. We found both proteins were enriched similarly at the promoter of Pf4, a megakaryocyte-specific GATA1-target gene, and the intron of Hhex, a homeobox gene that is expressed broadly in hematopoietic progenitor cells and is repressed by GATA1 ( Figure 3A and B) . We then performed three replicate ChIP experiments and sequenced the DNA by highthroughput next generation sequencing. Together, these experiments generated 20.1E6 and 20.5E6 total mappable reads for GATA1 and GATA1s, respectively. Using the QuEST peak calling program set on default parameters, these data yielded 2728 GATA1 peaks, but only 979 GATA1s peaks. The basepair-wise overlap of these datasets revealed that 853 peaks are shared while there are 1875 peaks specific to GATA1 and just 126 peaks specific to GATA1s ( Figure 3C ). Next, using de novo motif finding analysis, we found a canonical GATA (WGATAR) site in 84% of the GATA1 peaks and 73% of the GATA1s peaks, confirming the specificity of the analysis ( Figure 3D ). We also observed strong enrichment of binding motifs for ETS family transcription factors, which are known to co-operate with GATA1 in megakaryocytic differentiation (60% and 52%). 4, 43 We then mapped each peak location to the closest transcription start site and assigned the peaks to the categories: upstream (2-100kb), promoters (0-2kb), intragenic, downstream (0-100kb), and gene desert (>100kb). This analysis revealed that the GATA1 peaks were significantly enriched at promoters and intragenic regions and significantly depleted in gene desert regions compared to randomly distributed genomic regions, consistent with the expected locations for gene regulatory regions ( Figure 3E ). Despite differences in the number of occupied regions, the GATA1s peaks had a similar distribution as GATA1.
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Identification of GATA1s-deficient GATA1 binding sites
Since GATA1s appeared to be deficient in occupancy at many GATA1 binding sites, we sought to identify a set of high confidence GATA1s-deficient sites for systematic analysis. To do this, we reduced the stringency of the peak call for GATA1s from the default setting of 30 down to 10. This resulted in a set of 16, 195 GATA1s peaks. We then overlapped this expanded peak set with the original 2728 GATA1 peaks and found that 743 GATA1 peaks still did not have an overlapping GATA1s peak. We refer to these peaks as GATA1s-deficient sites ( Figure 4A ). Next, we sought to confirm the reduced occupancy of GATA1s at the GATA1s-deficient sites by ChIP-qPCR. We selected a panel of the GATA1s-deficient sites with strong GATA1 occupancy and assayed the occupancy of both GATA1 and GATA1s at these sites in ChIP experiments using both the HA-tag antibody and a GATA1-specific antibody. Using the HA-tag antibody, we found that every tested site was bound at least 1-fold greater by GATA1 than GATA1s ( Figure 4B ). Using the GATA1 antibody, 19 of 26 (73%) sites were validated by the same standard ( Figure  4C ). It is clear that the GATA1 antibody yielded higher levels of enrichment for GATA1s than the HA-tag antibody, perhaps indicating some differential sensitivity of the antibodies for the GATA1s molecule. While ChIPs with the GATA1 antibody revealed that many of the GATA1s-deficient sites are occupied at a low level by GATA1s, these data still confirm that there exists a set of sites where GATA1s occupancy is decreased relative to GATA1. Because these quantitative differences in occupancy may be biologically important, we characterized this set of GATA1s-deficient sites in more detail.
We analyzed the location of the GATA1s-deficient sites relative to the nearest transcription start site and found that the sites were distributed similarly to the full GATA1 dataset ( Figure 4D ). We then analyzed the enrichment of DNA sequence motifs in the GATA1s-deficient sites and found enrichment for the WGATAR motif, an ETS motif, and a CACCC-box motif ( Figure  4E ). Since ETS proteins and several CACCC-box binding proteins, including KLF1, are critical GATA1 co-regulators, the enrichment of their binding motifs likely indicates that these sites are functional GATA sites. We then searched for motifs that are enriched in the GATA1s-deficient sites relative to the whole set of GATA1 binding sites and found that the GATA and ETS motifs were not enriched, but the CACCC-box was enriched (P=1E-17). This suggests that GATA1s is deficient for occupancy at sites where GATA1 interacts with CACCC-box binding proteins, such as KLF1.
Gene expression analysis reveals that GATA1s fails to properly induce the erythroid differentiation program in G1ME cells
In order to determine the effect of altered chromatin occupancy by GATA1s on gene expression, we completed gene expression profiling of mRNA isolated from control, GATA1-, and GATA1s-expressing G1ME cells 72 h post transduction. Consistent with the differentiation of the cells, 3139 genes were differentially expressed at least 1.5-fold by GATA1 relative to MigR1 control-transduced cells. Similarly, 3079 genes were differentially expressed by GATA1s. Direct comparison of the GATA1 and GATA1s gene expression profiles revealed 847 genes that are differGATA1s is deficient in erythropoiesis haematologica | 2015; 100 (5) 579 entially expressed ( Figure 5A ). There was no trend toward GATA1-activated or repressed genes being differentially regulated. We examined the top 10 most differentially regulated genes in either direction and found that many of the genes down-regulated in GATA1s relative to GATA1 were genes that are specific to the erythroid lineage ( Figure 5B ). Of note, changes were detected in such key factors such as Hbax, an embryonic expressed hemoglobin alpha subunit, Alas2, an enzyme in the heme biosynthetic pathway, Tmod1, a tropomodulin that is required for the integrity of the erythrocyte membrane, Eraf, alpha hemoglobin stabilizing protein, and Slc4a1, the erythrocyte membrane protein Band3. These changes suggest that GATA1 induces the erythroid gene expression program in G1ME cells cultured in THPO, but GATA1s fails to do so to the same extent. To verify this observation, we determined the enrichment of erythroid-specific genes in the GATA1 and GATA1s gene expression data using Gene Set Enrichment Analysis (GSEA) for a set of genes that are differentially expressed upon erythroid differentiation of G1-ER4 cells ( Figure 5C ). 21 The GATA1 dataset was significantly enriched for these genes, while the GATA1s dataset was not. Thus, we conclude that GATA1s is much less efficient at inducing the erythroid gene expression program in this cell context as compared to full length GATA1. Of note, we did not find differential enrichment of gene sets for megakaryocytic differentiation [P=0.53, normalized enrichment score (NES)=-0.99], cell cycle (P=0.25, NES=-0.50), or apoptosis (P=0.25, NES=-0.98), indicating that these pathways are not divergently regulated by GATA1s in these cells (data not shown).
In order to determine the role of deficient chromatin occupancy by GATA1s in the differential expression of target genes, we overlapped the 752 genes at GATA1s-deficient binding sites with the 847 differentially expressed genes, and found that only 42 are differentially bound and expressed ( Figure 6A ). Despite this low number, we saw a significant enrichment of differentially expressed genes for differentially bound genes (c 2 =24.4,
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GATA1s-deficient
GATA1s-Deficient Sites
P=7.87E-7)
. We classified the genes as up-or down-regulated and found that 31 of the 42 genes are down-regulated in GATA1s cells relative to GATA1 (Table 1) . This indicates that the failure of GATA1s to occupy a binding site most often coincides with failure to activate the gene. We then used GSEA to determine the enrichment of genes differentially expressed by GATA1 or GATA1s in the genes that have a GATA1s-deficient binding site ( Figure 6B ). We found a significant enrichment of the GATA1 gene expression profile, but not that of GATA1s, indicating that GATA1s is deficient for the expression of the genes that it fails to bind, as expected. Importantly, we did not identify significant differences in the expression of genes that are bound by both genes ( Figure 6C) . We examined the top 10 most-differentially expressed genes from those with GATA1s-deficient binding sites and noticed that many of them were erythroid-specific genes ( Figure 6D ). Closer examination of the GATA1 occupancy at these genes revealed that GATA1s is deficient for occupancy at the first introns of Slac4a1 and Alas2 and the promoter of Klf1, and that it fails to activate the expression of these genes to the same extent as GATA1 ( Figure 6E ). We confirmed that GATA1s is deficient for occupancy at these sites in G1ME cells cultured in both EPO and THPO by ChIP-qPCR using the GATA1-specific antibody ( Figure 6F ).
Discussion
In this report, we show that GATA1s is deficient for erythroid specific gene expression activity, but proficient for megakaryocyte specific gene expression in cells with both erythroid and megakaryocytic differentiation potential. This finding is consistent with recent reports of anemia in patients bearing germ-line GATA1s mutations. 29, 30 Reduced erythroid gene expression in uncommitted progenitor cells would likely result in reduced commitment to the eryGATA1s is deficient in erythropoiesis haematologica | 2015; 100 (5) 581 Figure 5 . Global gene expression analysis reveals differential gene expression in GATA1s-expressing G1ME cells relative to GATA1. (A) Heatmap of gene expression relative to MigR1 control for 847 genes differentially expressed in GATA1 and GATA1s expressing cells. (B) A list of the top 10 most up-and down-regulated genes in GATA1s-expressing G1ME cells relative to GATA1-expressing cells. (C) Gene set enrichment plot for a set of genes differentially expressed upon erythroid differentiation of G1-ER4 cells on gene expression data from GATA1 and GATA1s-expressing G1ME cells.
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throid lineage leading to profound anemia. Using both ChIP-Seq and gene expression profiling, we found that GATA1s was both deficient for chromatin occupancy and the activation of gene expression at many erythroid specific genes. The reduced occupancy at erythroid genes was unexpected since GATA1s maintains both zinc finger DNA binding domains and its interaction with its essential co-factor FOG1. 23 Since GATA1s occupies and activates megakaryocyte-specific genes with normal efficiency, it is likely that GATA1s is deficient for erythroid specific co-factor interactions that stabilize its chromatin occupancy, or perhaps it fails to activate the expression of factors that precede its occupancy at erythroid sites. KLF1 is an enticing candidate for either of these potential mechanisms since it is known to interact with GATA1 and co-occupy gene regulatory regions, its target sequence was enriched in the GATA1s-deficient binding sites, and because GATA1s fails to activate its expression. However, the interaction with KLF1 has been mapped to the C-terminal zinc finger and thus is expected to be maintained in GATA1s. 13, 44 Very few GATA1 protein interactions have been mapped to the N-terminal domain. One study indicated that RUNX1 binds this domain, but this interaction is thought to be required for megakaryocyte specification, but not erythroid. 45 Furthermore, a different study indicated the RUNX-GATA1 interaction occurs through the zinc finger domains and is maintained by the GATA1s isoform. 46 Another study demonstrated an interaction with pRB that is ablated by the GATA1s mutation and further revealed that the protein-protein interaction is required for cell cycle arrest during terminal erythroid differentiation. 47 Loss of the Rb interaction is also thought to contribute to leukemic transformation in DS-AMKL through increased E2F activity. 48 It is possible that there are multiple factors that contribute to the erythroid specific deficiency caused by GATA1s mutations. A promising candidate is LMO2, a component of the SCL pentameric complex, which is known to co-operate with GATA1 in gene activation but not gene repression. 49 We found that the expression of LMO2 was decreased in GATA1s-expressing G1ME cells relative to those expressing GATA1. Given, however, that the SCL complex and GATA-1 also co-regulate megakaryocyte-specific genes, it is unlikely that a deficiency in LMO2 causes an erythroid-specific defect. Future identification of proteins that bind the GATA1 N-terminal domain is necessary to identify these important interactions.
Previous studies on the transcriptional activity of GATA1s were performed with either committed erythroid cells or megakaryocytes, and thus the defect in lineage commitment that we report has not previously been shown. For example, Weiss and colleagues reported that
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expression of a GATA1 mutant lacking the N-terminal activation domain was able to promote differentiation of the G1E proerythroblast cell line. 21 Given this difference with our work, it is likely that the GATA1s defect lies at the lineage specification stage: once past that step, GATA1s appears to be able to drive terminal differentiation. It is notable that the fetal livers of Gata1s knock-in mice display a prominent expansion of megakaryocytes that is accompanied by deficiency in erythroid cells. 50 This latter observation is consistent with our findings that GATA1s is defective in erythroid specification, gene expression, and chromatin occupancy.
Finally, although we observed a selective defect in chromatin occupancy of GATA1s in erythroid cells, Klusmann and colleagues recently reported that GATA1s showed impaired occupancy at the Myc promoter in eosinophils. 51 This defect was accompanied by impaired Myc gene repression and an expansion in eosinophils. Thus, the regulation of GATA1 chromatin binding and transcriptional activity is controlled by the N-terminus in multiple hematopoietic cells.
